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traditional model of sex chromosome evolution. Large, highly identical, tandem and 23 inverted arrays of testis-expressed genes are major sources of innovation in gene content 24 on sex-specific as well as sex-shared chromosomes. Accounting for the emergence of 25 these ampliconic structures presents a challenge for future studies of sex chromosome 26 evolution. 27
INTRODUCTION 28 29
Since the discovery of sex chromosomes, researchers have sought to explain the 30 evolutionary forces that could produce a pair of chromosomes that differed between the 31 sexes. During the twentieth century, the fields of classical genetics, evolutionary and 32 population genetics, and cytology converged on a single explanation for the evolution of 33 heteromorphic sex chromosomes: sex chromosomes evolved from autosomes primarily 34 through the degeneration of the sex-specific Y or W chromosome, while the X or Z 35 chromosome faithfully preserved the gene content of the ancestral autosome pair. X and 36 Z chromosomes were museums; Y and W chromosomes were ruins, destined to be lost to 37 the sands of time. 38
In the last ten years, genomics has revolutionized the study of evolution. 39
Evolution changes the sequence of DNA molecules, and comparing DNA sequences 40 allows us to reconstruct evolutionary events from the past. The availability of DNA 41 sequences from multiple vertebrates has confirmed that the process of sex chromosome 42 evolution envisioned by theorists has played out multiple times in the evolution of 43 vertebrate sex chromosomes. However, complete, high-quality sequences of sex 44 chromosomes have led to discoveries that were unanticipated by existing theory. Sex-45 specific chromosomes are not doomed to decay, but selection can act to preserve their 46 gene content over long time scales. Amplicons, massive and highly identical arrays of 47 duplicated genes, are sources of innovation in gene content on sex-specific as well as sex-48 shared chromosomes. These arrays consist of genes expressed exclusively or 49 predominantly in the testis. 50
The unexpected results of genomic analyses have challenged long-standing 51 assumptions about the evolution of sex chromosomes. It is now clear that sex 52 chromosomes are subject to constant remodeling; they resemble Theseus' ship rather than 53 museums or ruins. The dramatic nature of innovation in gene content on sex 54 chromosomes presents major theoretical challenges for the field of sex chromosome 55 evolution. What selective forces can generate ampliconic structures? What is the 56 relationship between ampliconic genes and male reproduction? As more sex chromosome 57 sequences become available, including those of multiple mammals as well as the Z and 58 W chromosomes of birds, they will enhance our ability to address these questions. 59
THEORETICAL MODELS OF SEX CHROMOSOME EVOLUTION 60 61
The study of sex chromosome evolution shares its origin with that of genetics, in 62
Thomas Hunt Morgan's fly room at Columbia University. In 1913, Alfred Sturtevant 63 produced the first genetic map, consisting of six sex-linked genes (Sturtevant 1913 ). The 64 following year, his colleague, Calvin Bridges, combined Sturtevant's linear map of sex-65 linked genes with his own work on non-disjunction of sex chromosomes to demonstrate 66 that Sturtevant's map was that of the X chromosome, and the chromosomes were the 67 material of heredity (Bridges 1914 ). This suggested that sex chromosomes were not 68 merely a sign, but instead the root cause of sexual dimorphism. an ordinary pair of autosomes, but the Y chromosome, unable to recombine in males, had 75 accumulated deleterious mutations, eliminating all of its genes. This simple theory, that 76 heteromorphic sex chromosomes evolve from autosomes through the decay of the sex-77 specific chromosome, has been fundamental to the study of sex chromosome evolution 78 for nearly 100 years. 79
Muller's theory that heteromorphic sex chromosomes were the result of 80 degradation of the sex-specific chromosome was corroborated by the lack of credible Y-81 linked phenotypes in humans. As was the case in Drosophila, the first traits mapped to a 82 human chromosome were mapped to the X chromosome (Morgan 1911a; Morgan 1911b; 83 Wilson 1911) . By the middle of the century, X-linked inheritance had been reported for 84 dozens of traits, while only a handful of traits had been mapped to the Y chromosome 85 (Stern 1957; McKusick 1962) . In 1957, Curt Stern, another former student of Morgan's 86 and the President of the American Society of Human Genetics, addressed the society's 87
annual meeting (Stern 1957 would be sheltered from selection by their partner, while X and Z chromosomes were 137 exposed to selection against recessive mutations in the homogametic sex (Muller 1918) . 138 Fisher demonstrated that this explanation could not account for the degeneration of the 139 sex-specific chromosome, because mutation must affect incipient sex chromosomes 140 equally (Fisher 1935) . If an X-linked or Z-linked gene suffered a loss of function, the 141 result would be selection against a parallel loss of function in the Y-linked or W-linked 142 counterpart. Fisher showed that for an infinite population, degeneration of the type 143
Muller described could only occur if the mutation rate is much higher on the sex-specific 144 chromosome than in the rest of the genome. In light of this difficulty, it was necessary to 145 modify Muller's theory to explain why only the sex-specific chromosome was subject to 146 degeneration. 147 Although Muller's initial explanation for the degeneration of the sex-specific 148 chromosome proved inadequate, population genetic theories designed to explain the 149 benefits of sex and recombination became the source of alternative models which could 150 account for the degeneration of a non-recombining chromosome. Muller proposed that 151 genetic drift could account for the degeneration of non-recombining chromosomes 152 through a mechanism which is now known as "Muller's ratchet" (Muller 1964; 153 Felsenstein 1974 ). Muller's ratchet is the idea that, in the absence of crossing over, a 154 population cannot generate chromosomes with a smaller mutational load than those that 155 currently exist within the population. If the least-mutated class of chromosomes is lost to 156 drift, it is replaced by one that carries more mutations, and the 'ratchet' has clicked 157 irreversibly towards the decay of the non-recombining chromosome. with strongly deleterious alleles will be lost from the population before they can spread, 165 increasing the chances that weakly deleterious alleles will become fixed by drift 166 (Background Selection) (Charlesworth et al. 1993; Charlesworth 1994 ). Both of these 167 models predict reductions in the effective population size of a non-recombining 168 chromosome, increasing the effects of genetic drift (Charlesworth 1978 linked genes in marsupials, and monotremes (Wilcox et al. 1996) . They discovered that 363 the genes composing the short arm of the human X were present on the autosomes of 364 monotremes and marsupials (Wilcox et al. 1996) . This gene traffic to and from the 365 mammalian X chromosome seems like a violation of Ohno's law, but is actually in accord 366 with Ohno's predictions. The region added to the X in eutherian mammals falls into the 367 three most recent strata of the human sex chromosomes; when it translocated to the 368 ancestral eutherian X chromosome, it was added to the PAR, and shared with the Y 369 chromosome. Because PARs still participate in crossing over, Y-linked gene copies do 370 not decay and the X-linked copies are not subject to dosage compensation. The genes in 371 PAR are free to move between autosomes and the sex chromosomes until they are locked 372 in by an event that expands the region of suppressed recombination between the sex 373 chromosomes. 374
Even outside of the PARs, the gene content of the mammalian X chromosome is 375 not completely stable. Genomic data from human and mouse have allowed researchers to 376 systematically identify gene movement to and from the mammalian X chromosome. 377
Emerson and colleagues found that the mouse and human X chromosomes have both 378 generated and received an excess of genes through retrotransposition (Emerson et al. 379 2004) . By comparing the human and mouse X chromosomes, they found that this process 380 began before humans and mice diverged, and has continued after that divergence in both 381 lineages. Mammalian X chromosomes have also gained genes through the duplication of 382 existing X-linked genes. Warburton and colleagues found that the human X chromosome 383 is enriched for amplicons that contain testis-expressed genes (Warburton et al. 2004) . An alternative to the avoidance of meiotic silencing is that sex-linked amplicons 447 are the result of sexually antagonistic selection. Sexually antagonistic genes are those that 448 produce a phenotype which benefits one sex more than the other. These traits are more 449 likely to become fixed on sex chromosomes than on autosomes because the sex 450 chromosomes are not evenly exposed to selection in both sexes (Rice 1984) . Male benefit 451 genes should accumulate on Y chromosomes, and female benefit genes should 452 accumulate on W chromosomes. The case for X chromosomes and Z chromosomes is 453 more complex. Dominant traits that benefit the homogametic sex should accumulate 454 because they are exposed to selection twice as often in the homogametic sex. Recessive 455 traits that benefit the heterogametic sex should accumulate because they are always 456 exposed to stronger selection in the heterogametic sex than in the homogametic sex, 457 where they can be masked by other alleles. Eventually sexually antagonistic genes are 458 expected to evolve sex-limited expression to avoid costs to the sex where they are not 459 beneficial (Rice 1984) . As a result, one would expect to find that sex chromosomes 460 would become enriched for genes expressed only in one sex. 461
Sexually antagonistic selection is an attractive explanation for the enrichment of 462 amplicons on the sex chromosomes, but there are incongruities with the existing data. 463
There do not appear to be any female-benefit amplicons on X chromosomes, where they 464 might be expected to arise because the X chromosome is exposed to more frequent 465 selection in females than in males. All known ampliconic sequences, including those on 466 X chromosomes, are expressed in the testis. The presence of testis-expressed amplicons 467 on X chromosomes is striking because gene duplication was classically imagined as a 468 dominant gain of function mutation (Muller 1932 ), but the theory of sexually 469 antagonistic selection predicts that only recessive male-benefit alleles should accumulate 470 on X chromosomes. If sexually antagonistic selection is responsible for the generation of 471 testis-expressed amplicons, then gene duplication on the X chromosome may be preceded 472 by the evolution of male-limited expression, so that duplications are only subjected to 473 selection in males. 474
Amplicons could also be involved in intragenomic conflict through segregation 475 distortion in the germline. Autosomal segregation distortion due to the t-haplotype of 476 chromosome 17 in mice is well known (Silver 1993 ). On the sex chromosomes, a 477 segregation-distorting locus could function as a sex ratio distorter. Since most organisms 478 are constrained to a 1:1 sex ratio, any sex ratio distorter that meets with success 479 immediately increases the selective advantage for a second distorter to restore the sex 480 ratio to equilibrium (Fisher 1930; Nur 1974 
